, and Mone Zaidi a,2,3 a A variety of human cancers, including nonsmall cell lung (NSCLC), breast, and colon cancers, are driven by the human epidermal growth factor receptor (HER) family of receptor tyrosine kinases. Having shown that bisphosphonates, a class of drugs used widely for the therapy of osteoporosis and metastatic bone disease, reduce cancer cell viability by targeting HER1, we explored their potential utility in the prevention and therapy of HER-driven cancers. We show that bisphosphonates inhibit colony formation by HER1
ΔE746-A750 -driven HCC827 NSCLCs and HER1 wt -expressing MB231 triple negative breast cancers, but not by HER low -SW620 colon cancers. In parallel, oral gavage with bisphosphonates of mice xenografted with HCC827 or MB231 cells led to a significant reduction in tumor volume in both treatment and prevention protocols. This result was not seen with mice harboring HER low SW620 xenografts. We next explored whether bisphosphonates can serve as adjunctive therapies to tyrosine kinase inhibitors (TKIs), namely gefitinib and erlotinib, and whether the drugs can target TKIresistant NSCLCs. In silico docking, together with molecular dynamics and anisotropic network modeling, showed that bisphosphonates bind to TKIs within the HER1 kinase domain. As predicted from this combinatorial binding, bisphosphonates enhanced the effects of TKIs in reducing cell viability and driving tumor regression in mice. Impressively, the drugs also overcame erlotinib resistance acquired through the gatekeeper mutation T790M, thus offering an option for TKI-resistant NSCLCs. We suggest that bisphosphonates can potentially be repurposed for the prevention and adjunctive therapy of HER1-driven cancers.
drug repurposing | cancer therapy | cancer prevention B isphosphonates are the most commonly used class of therapeutics for osteoporosis and cancer bone disease, with a proven record of efficacy and safety in people (1, 2) . There is increasing evidence, however, that bisphosphonates can directly kill cancer cells (3) . We recently showed that aminobisphosphonates can inactivate human epidermal growth factor receptor (HER) family of receptor tyrosine kinases (RTKs) (4). We found that the drugs directly bind the HER1/2 kinase domain and, by inhibiting downstream signaling, reduce the cell viability in HER-driven lung, breast, and colon cancers (4) . Knocking down the four HER isoforms abrogate bisphosphonate action, proving a selective action through this pathway (4). Indeed, this new action might explain the reduced disseminated tumor cell burden and increased disease-and recurrence-free survival documented in early breast cancer patients (5) (6) (7) (8) . The process may also explain epidemiologic observations in which patients on oral bisphosphonates for their osteoporosis had a lower incidence of colon and breast cancer (9) (10) (11) .
Lung cancer is responsible for the largest number of deaths worldwide. About 80% of lung cancers are nonsmall cell cancers (NSCLCs), of which ∼30% are driven by two activating mutations in the HER1 kinase domain (HER1 ΔE746-A750 and HER1
L868R
) (12) . Since their introduction, tyrosine kinase inhibitors (TKIs), most notably erlotinib and gefitinib, have dramatically improved survival of NSCLC patients (13) . However, prolonged therapy for over 3 y invariably results in resistance (14) . About 50% of the resistance arises from a second site mutation of the gatekeeper residue T790 to a methionine (15, 16) . This mutation results in reduced affinity to TKIs, poor drug efficacy, and a rapid downhill clinical course. In addition, HER1/2 gene amplification and overexpression drive a significant number of breast and colon cancers.
Here, we report that bisphosphonates attenuate tumor growth in nude mice xenografted with HER1
ΔE746-A750
-driven NSCLCs or HER1
wt -expressing MB231 breast cancer cells. Impressively, tumor growth was profoundly reduced with treatment begun at the time of grafting (prevention protocol), whereas mice harboring HER low -SW620 colon cancers remained resistant. We also provide evidence for combinatorial binding of bisphosphonates and TKIs to the HER1 kinase domain, resulting in additive effects on tumor regression in HER1
-grafted mice. We suggest that the two drugs could potentially be used in concert in Significance Small molecules to target oncogenic signaling cascades in cancer have achieved success in molecularly defined patient subsets. The path to approval is often protracted and plagued with failures. Repositioning Food and Drug Administrationapproved drugs with known side effects has become a major focus. Bisphosphonates are a commonly prescribed therapy for osteoporosis and skeletal metastases. The drugs have also been associated with reduced tumor burden in some patients, but the mechanism is unknown. Here we provide evidence that bisphosphonates inhibit the human EGFR (HER) receptor tyrosine kinase, including the commonly mutated forms that drive nonsmall cell lung cancer, as well as a resistance mutation. This new mechanism lays the basis for the future use of bisphosphonates for the prevention and therapy of HER family-driven cancers. A.S. and T.Y. contributed equally to this work. 2 To whom correspondence may be addressed. Email: maria.new@mssm.edu or mone.
zaidi@mountsinai.org. NSCLC patients. Finally, bisphosphonates retain their ability to inhibit the viability of cells harboring the HER1 T790M gatekeeper mutation, a prelude to their use in overcoming TKI resistance.
Results

We found that zoledronic acid inhibited colony formation by HER1
ΔE746-A750 -driven HCC827 NSCLCs or HER1 wt -expressing MB231 triple negative breast cancer cells, without effects on HER low -SW620 colon cancer (Fig. 1A) . We next tested bisphosphonate effects on tumor growth in vivo by xenografting BALB/c nu/nu mice with HCC827, MB231 or SW620 cells. Sequential measurement of tumor volume before and after daily gastric gavage with risedronate (1.42 μg/kg) or zoledronic acid (1.36 μg/kg) (Table S1 ), begun when HCC827 and MB231 tumors became palpable, showed significant reductions in tumor volume as early as 6 d postinitiation (Fig. 1B) . In a parallel prevention protocol, when drug was given from the time of transplant, HER1 wt -expressing MB231 tumors showed a dramatic and progressive reduction in volume, whereas HER low SW620 colon cancers showed no such response to bisphosphonate (Fig. 1C) . The latter finding buttresses our in vitro data (4) establishing the dependence of bisphosphonate action on HER1 expression.
Based on initial observations of additivity between gefitinib and zoledronic acid (17), we investigated whether bisphosphonates and TKIs display combinatorial binding to the HER kinase domain. Docking protonated or deprotonated zoledronic acid into HER1 wt crystal structure in complex with erlotinib (PDB ID code 1M17) revealed that there was enough space in the kinase pocket to accommodate both drugs ( Fig. 2A) . Furthermore, when the bisphosphonate is protonated at physiologic pH values, it binds TKIs via a conserved water bridge ( Fig. 2A) . Similar predicted binding modes are shown for the zoledronic acid/gefitinib and minodronic acid/erlotinib pairs ( Fig. 2A) . Of note, tiludronate did not display dual binding as it lacks an N-atom to make an H-bond with erlotinib and its p-chlorophenyl ring clashes with erlotinib ( Fig. 2A) .
Molecular docking further revealed that the HER1 L858R mutant conformation was similar to the active state of HER1 wt in the presence of erlotinib and zoledronic acid (Fig. 2B) . We used anisotropic network modeling (ANM) of the HER1 L858R mutant with the two drugs to study conformational fluctuations in the Cα-helix and activation loop. We found that despite the presence of erlotinib and zoledronic acid, the Cα-helix remained in a collapsed conformation (Fig. 2B ). Molecular dynamics (MD) confirmed our ANM findings showing that, in the presence of both drugs, the interaction between R858 and Y891 locked the activation loop allowing the Cα-helix to collapse (Fig. 2B) . Thus, we speculate combinatorial binding of erlotinib and zoledronic acid will inhibit the HER1 kinase not by inhibiting Cα-helix collapse, but instead by preventing downstream phosphorylation because of the absence of a hydrolysable ɤ-phosphate.
We hypothesized that the biologic action of the drug pairs exceeds that of either drug; in other words, the two drugs behaved as "one big drug." When submaximal concentrations of zoledronic acid (10 μM) and erlotinib (10 nM) were combined, the inhibition of colony formation in HCC827 cells was greater than that with either drug alone (Fig. S1A) . Isobolograms showed evidence of additivity (CI or combination index ∼1) when erlotinib and zoledronic acid were combined in both HCC827 and H3255 cells (Fig. S1A) . Similar results were noted with the minodronic acid/erlotinib combination, but not with tiludronate/erlotinib (Fig. S1B) .
We sought to probe the cellular mechanism underlying the observed additivity. HCC827 cells treated with erlotinib showed a dramatic increase in apoptosis, as evidenced by increases in cells in the sub-G 1 phase (FACS) and poly(ADP-ribose) polymerase (PARP) cleavage (Western blot), and reductions in pAKT (Fig. S1C) . In contrast, zoledronic acid caused a marked cell-cycle arrest, noted as reduced cyclin B1/D1 and proliferating cell nuclear antigen (PCNA) expression (Western blot) (Fig.  S1C) . The two drugs together caused profoundly greater apoptosis, as evidenced by more marked increases in cells in the sub-G 1 phase, as well as PARP cleavage (Fig. S1C) . Importantly, the two bisphosphonates zoledronic acid and risedronate did not display additivity, either in viability inhibition (MTT) or cellcycle arrest (FACS) (Fig. S1D) . This result would not be unexpected because they bind to the same site within the HER1 kinase domain.
To provide proof-of-concept that bisphosphonates enhance the tumor suppressive action of erlotinib in vivo, we xenografted HCC827 cells into BALB/c nu/nu mice. Tumor volumes plotted for individual mice show that, whereas erlotinib and zoledronic acid each attenuated tumor growth (Fig. 1) , combining the two drugs resulted in tumor regression (Fig. 3A) . Nine days following treatment initiation, whereas each drug triggered a significant reduction in tumor volume, the effect of the two drugs surpassed the effect of either agent (Fig. 3A) . Representative photomicrographs of TUNEL-labeled tumor tissue from mice displaying a median tumor volume are shown (Fig. 3B) . The induction of apoptosis is both qualitatively and quantitatively greater in tissue obtained from mice treated with both drugs than with one drug alone (Fig. 3B) . We also labeled tissue for phosphorylated HER1 (pHER1) and downstream molecules, pERK and pAKT. Again, whereas erlotinib and zoledronic acid both reduced phosphorylation, the effect of the two agents appeared more marked that either drug alone (Fig. 3 C and D) .
Although TKIs result in objective treatment responses in HER1 mutation-driven lung cancers (13), resistance to therapy develops invariably, the most common mechanism being a second site mutation at the gatekeeper residue T790 (15) . We therefore sought to determine, both computationally and experimentally, whether HER1-mutation-driven, TKI-resistant NSCLCs retain bisphosphonate sensitivity. If so, bisphosphonates could become a viable option for the therapy of resistant NSCLCs, which otherwise display a downhill course.
Computationally, we note that the HER1 T790M mutation (PBD ID code 2JIU) causes only a partial collapse of the Cα-helix as mutant M790 acts as a wedge and interferes with the spatial positioning of the side chain of the highly conserved M766 (Fig. 4A) . MD shows that, during movement of the activation loop, the Cα-helix assumes an activated conformation, with the HER1 T790M mutation preventing complete collapse of the helix (Fig. 4A) . However, whereas a partial collapse because of steric clashes between M790 and M793 cause resistance to erlotinib/gefitinib (16), the water molecule that bridges bisphosphonate interaction with M790 and T854 is preserved (Fig. 4A ). This result predicts that bisphosphonate action will remain largely intact. We therefore explored the action of erlotinib and zoledronic acid in double-mutant HER1 L858R/T790M lung cancer cells (H1975). Whereas erlotinib and tiludronate expectedly failed to inhibit colony formation or cell survival, zoledronic acid caused a concentration-dependent reduction in both parameters (Fig. 4B ). This effect was distinct from that seen with H3255 cells in which HER1 L858R drives cell proliferation, and where zoledronic acid and erlotinib are additive (compare with Fig. S1A) . In H1975 cells, however, the effect of the two drugs used together was identical to that of zoledronic acid alone (MTT and colony formation) (Fig. 4B) . Furthermore, as with other HER1-driven cells, zoledronic acid or alendronate inhibited HER1 phosphorylation and induced apoptosis, evidenced by an increase in cells in the sub-G 1 phase, as well as enhanced PARP cleavage. There were minimal/no effects on cell cycle protein expression (Fig. 4B) . Taken together, the data suggest that bisphosphonates could potentially be used to overcome TKI resistance.
Discussion
It has been unclear why only certain cancers respond to bisphosphonates and others do not. In a companion paper (4), we report that the HER family of RTKs is a bisphosphonate target and mediates the antitumor effects of bisphosphonates. Our computational predictions that aminobisphosphonates bind the HER1/2 kinase domain were confirmed in cell-free in vitro assays, notably protein thermal shift and kinase assays, using recombinant protein. Most notably, we found that the change in melting temperature of HER1 upon binding to bisphosphonates was reversed upon mutating three amino acids-K745, N842, and D855-that were predicted to mediate bisphosphonate-HER binding. Furthermore, we show that only HER-driven NSCLCs, namely HCC827, H3255, H1666, and H1703, responded to bisphosphonates in vitro in terms of cell viability inhibition; importantly, this effect was reversed upon knocking down the four HER isoforms. This latter finding established that the effect of bisphosphonates on cancer cell viability was HER-mediated.
Here, we report the effect of the two most commonly used, Food and Drug Approved-approved bisphosphonates, zoledronic acid and risedronate, on tumor growth in mice xenografted with HCC827 NSCLCs or HER1-driven MB231 breast cancer cells. The daily doses of the respective drugs (1.42 and 1.36 mg/kg) translate to approximately twice their annual cumulative exposure when used for the therapy of cancer metastases and Paget's bone disease, respectively (Table S1 ). Both bisphosphonates significantly reduced tumor volume in the treatment (drug administered after tumors became palpable) and prevention (drug initiated at the time of tumor grafting) protocols. In contrast, mice grafted with HER low SW620 colon cancer cells remained completely insensitive to bisphosphonate action. These proof-of-concept studies underscore the potential for repurposing of bisphosphonates for the prevention and treatment of HER-driven lung and other cancers, including breast, colon, gastric, and head/neck cancers (18) .
Such repurposing efforts will nonetheless require purposeful pharmacokinetic, pharmacodynamic, and dose-finding studies of currently used bisphosphonates in cancer patients. Furthermore, noting that bisphosphonates were never designed as HER inhibitors, their reformulation may maximize bioavailability and improve efficacy. However, their plasma half-lives are likely to remain low as the drugs have high bone affinities and therefore rapidly disappear from plasma (1). This potential roadblock for their bedside transition might, in the future, mandate the development of a new class of HER1-avid bisphosphonates with low bone affinities.
We also offer a rationale for combining currently used bisphosphonates with TKIs to maximize therapeutic efficacy for NSCLCs. Computational predictions for combinatorial binding and experimental evidence, both in vitro and in vivo, provide compelling evidence for additivity between bisphosphonates and TKIs in inhibiting HER1 mutation-driven lung cancers. In fact, in mice grafted with HCC827 cells, although erlotinib and zoledronic acid each attenuated tumor growth, the two drugs together triggered tumor regression. Our computational and experimental evidence also suggests that the common TKI resistance mutation, T790M, does not impair the ability of bisphosphonates to interact with the HER1 L858R kinase pocket, nor does it prevent their action in inhibiting cell survival. Thus, it should also be possible to use bisphosphonates for the treatment of TKIresistant HER-driven metastatic lung cancer, underscoring a currently unmet clinical need.
Another question is whether the bisphosphonate-HER2 interaction, which we have demonstrated in thermal shift and Tyrkinase assays (4), and in cell viability and knockdown studies (Figs. S2 and S3) , is relevant clinically for the therapy of HER2-amplified breast cancers, and whether this interaction causes the reduced disseminated tumor cell burden noted in breast cancer patients treated with zoledronic acid (6) (7) (8) . If such a benefit is proven, the use of bisphosphonates in a molecularly defined subgroup of HER2-amplified breast cancer patients, either alone or in combination with trastuzumab, may become a reality (19) . However, although the anticancer actions of bisphosphonates appear to be dependent almost entirely on HER1/2 expression, certain other actions, such as antiangiogenic effects (20), may wt and HER1 L858R . The HER1 T790M mutation (PDB ID code 2JIU) allows only a partial collapse of the Cα-helix as mutated M790 acts like a wedge to obstruct the position of M766, a highly conserved residue throughout the kinase family. In HER1 wt (orange), M766 and T790 are far apart. In HER T790M (blue), although the tilt angle of Cα-helix is ∼15°, the position of M766 is still tolerated by M790. Thus, erlotinib can bind to HER1 T790M . In the HER1 L858R mutant (cyan), the observed tilt angle is ∼23°; this positions M766 too close to T790. In the double-mutant HER1 L858R/T790M
, we therefore predict that the tilt caused by the HER1 L858R activating mutation will be obstructed by M790, preventing total Cα-helix collapse. MD on HER1 L858R/T790M in complex with ATP confirms that movement of the mutated activation loop allows the Cα-helix to assume an activated conformation, but prevents complete collapse of the helix over the binding site. However, the T790M mutation does not affect the binding mode of ZA's imidazole ring by preserving the water molecule (WAT) that bridges ZA to T790 and T854. (B) Although Ert and tiludronate (Til) do not inhibit colony formation in HER1 L858R/T790M (H1975) cells, ZA displays a strong inhibitory effect (mean colony counts per well ± SEM; two tailed Student t test with Bonferroni's correction, versus zero dose; *P < 0.05, **P < 0.01; repeated three times, each in duplicate, data pooled). Furthermore, ZA inhibits H1975 cell viability (MTT assay). In contrast, Ert neither itself inhibits nor enhances the inhibitory action of ZA (unlike its effect in HER1 L857R cells) (triplicate wells, done three times, data pooled; mean ± SEM; ANOVA with Bonferroni's Correction, versus zero-dose; *P < 0.05, **P < 0.01; or combined treatment versus Ert;^^P < 0.01). Western blots (biological quadruplicates) showing the inhibitory effect of alendronate (Aln) on EGF-induced phosphorylation of HER1 L858R/T790M (pHER1) (β-actin and tHER1 as controls; versus without Aln; statistics by two-tailed Student t test; **P < 0.01, n = 4). Flow cytometry showing cell-cycle profile of H1975 cells in response to ZA, which stimulates apoptosis (repeated three times). Western blots showing the effect of ZA on PARP, pAKT, cyclin D1, cyclin B1, and PCNA (GAPDH: loading control; repeated three times). indeed be exerted via other RTKs, such as the VEGFR. This will depend on whether or not, as our data indicate, a bisphosphonate can fit into the kinase domain of a given RTK (4).
Materials and Methods
Computational docking, MD, and ANM studies were performed using HER crystal structures from the Protein Database. Cancer cell lines were subject to the MTT or colony formation assays as detailed in SI Methods (21) . For cell-cycle assays, cells treated with bisphosphonate and erlotinib were subject to flow cytometry. For the in vivo studies, cells were injected in the flank of BALB/c nu/nu mice, with tumor sizes measured sequentially by calipers (21, 22) , followed by TUNEL staining, immunohistochemistry, and Western blotting.
